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Superhydrophobic silicone nanofilament coatings
Abstract
We present recent work on a method for depositing silicone nanofilament coatings on surfaces under
mild conditions in the gas or solvent phase. The coating shows exceptional properties in an application
as a superhydrophobic coating. It can be applied to a variety of substrates, is optically transparent and
intrinsically superhydrophobic with typical water contact angles of more than 160° and sliding angles
below 20°. It shows exceptional long term stability towards solvents and aqueous solutions of varying
pH as well as natural and artificial weathering. We review the coating techniques as well as the results
of our studies on the structure and properties of a silicone nanofilament coating.
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Abstract - We present recent work on a method for depositing silicone nanofilament coatings 
on surfaces under mild conditions in the gas or solvent phase. The coating shows exceptional 
properties in an application as a superhydrophobic coating. It can be applied to a variety of 
substrates, is optically transparent and intrinsically superhydrophobic with typical water 
contact angles of more than 160° and sliding angles below 20°. It shows exceptional long 
term stability towards solvents and aqueous solutions of varying pH as well as natural and 
artificial weathering. We review the coating techniques as well as the results of our studies on 
the structure and properties of a silicone nanofilament coating.  
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1. INTRODUCTION 
 
Surfaces with extreme water-repellent properties have received considerable attention in the 
last decade. The so-called superhydrophobic surfaces exhibit static water contact angles of 
more than 150° and show a low contact angle hysteresis. Consequently, a drop of water 
remains almost spherical on these surfaces and easily rolls off. Primarily superhydrophobic 
surfaces are of interest for waterproofing applications, but potential has also been ascribed to 
them as antifouling and self-cleaning surfaces as well as for applications in which low friction 
flows are desired. A very recent addition to the list has been the ability of some of these 
surfaces to support a stable gas layer upon immersion in water. Such so-called plastron layers 
have been shown to allow for a gas exchange and are utilized by some water dwelling species 
to breathe underwater [1]. Due to the high surface roughness required for the 
superhydrophobic effect, superhydrophobic surfaces are generally easily damaged by 
scratching or abrading [2, 3]. In nature, this can be compensated by regenerative processes 
[4], a concept that is not easily transferable to artificial surfaces. Fortunately, a number of 
applications can be envisioned where surfaces are not subject to strong abrasive forces, from 
large scale outdoor architectural applications like self-cleaning facades or window panes to 
small scale liquid handling devices used in microfluidics. 
Although the principles for high water repellence have been known for more than half a 
century [5-7], it was not until the mid-1990s that the scientific community showed an acute 
interest in the subject. This is often associated with the work of Barthlott and Neinhuis[4], 
who published a paper on the chemical and structural nature of the lotus leaf surface and how 
this led to its extraordinary water-repellent and self-cleaning properties. Ever since, numerous 
publications have contributed to a better understanding of the superhydrophobic effect [8-13] 
and even more have presented new methods to create superhydrophobic surfaces (see reviews 
[2, 3, 14-16]). To fulfill the two basic requirements for superhydrophobicity, a high surface 
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roughness and a hydrophobic surface, the most commonly implemented technique is to apply 
a low surface tension coating to a rough or roughened substrate. Depositing self-assembled 
monolayers (SAMs) with silane precursors is a well known technique [17, 18] and therefore 
alkyl- or fluoroalkylsilane SAMs are frequently used to render rough surfaces 
superhydrophobic. Typically, long chain silanes are chosen, as they are less prone to 
multilayer formation [19, 20]. For the same reason, the amount of residual water in the 
reaction system is kept to a minimum in order to avoid vertical polymerization [21]. With 
respect to superhydrophobic surfaces, however, the generation of a three-dimensional 
structure giving rise to surface roughness would be advantageous. From this point of view it is 
astonishing that only little work has been done so far to characterize the wetting properties of 
silanes deposited onto surfaces under conditions that promote multilayer formation.  
In recent years we have evaluated the polymerization products of silane precursors such as 
trichloromethylsilane (TCMS), trimethoxymethylsilane and others on surfaces under humid 
conditions, which facilitate multilayer formation. We have discovered that both in solvent and 
gas phase reactions these short chain precursors form stable, nanosized and densely packed 
filaments on various substrates [22, 23]. To our knowledge, reference [22] constitutes the first 
report of one-dimensional silicone nanostructures grown onto a surface. These nanofilament 
coatings intrinsically fulfill both basic requirements of superhydrophobicity, i.e. the silicone 
material is hydrophobic and the filaments introduce a high roughness. Therefore, flat 
substrates can easily be rendered superhydrophobic without pre- or post-treatment such as 
mechanical roughening or chemical etching. We have evaluated this type of coating in terms 
of chemical composition, structure, wetting properties and optical properties [23]. Since a 
facile and cheap creation of a long term stable superhydrophobic surface still remains one of 
the greatest challenges in the field [2, 3], we have also performed extensive chemical and 
environmental durability tests on our coatings [24, 25]. The results indicate that the silicone 
nanofilaments offer unique benefits in terms of application as a superhydrophobic coating. 
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Their inexpensive and easy production, the broad range of substrate materials, their optical 
properties and especially their exceptional chemical and environmental durability set them 
apart from most other superhydrophobic surfaces found in the literature to date. In this work 
we review the coating techniques and the properties of the silicone nanofilament coatings and 
include recent results. 
 
2. EXPERIMENTAL 
2.1. Materials 
Microscope glass slides were purchased from Menzel Gläser (Germany). Cotton samples 
were provided by the Empa (Switzerland), poly(dimethylsiloxane) (PDMS) by the ETH 
Zürich, and aluminum samples by the mechanical workshop of our institute. 
Trichloromethylsilane (TCMS, 97%) was purchased from ABCR (Germany), handled under 
water-free conditions and used without further purification. Anhydrous toluene (p.a.) was 
purchased from Fluka and used as received.  
 
2.2. Cleaning and activation  
Cotton samples required no pre-treatment. Glass slides were ultrasonicated for 30min in a 
10% solution of “deconex 11 UNIVERSAL” (Borer Chemie AG, Switzerland) at 50°C, rinsed 
with deionized water and dried under a nitrogen flow. Aluminum samples were ultrasonicated 
in chloroform for 30min and rinsed with deionized water. A laboratory plasma machine 
“Femto” from Diener Electronic (Germany) was used for plasma activation of PDMS and 
aluminum substrates using oxygen as process gas. After the plasma activation the substrates 
were rinsed with water and dried in a nitrogen stream. The activated substrates were used 
immediately.  
 
2.3. Coating procedures  
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2.3.1. Gas phase. The gas phase coating procedure can be found in detail in a previous 
publication [23]. Substrates and silane precursor (in a closed vial) were introduced into a glass 
desiccator which functioned as the reaction chamber. The chamber was flushed with a stream 
of preconditioned nitrogen of desired humidity and equilibrated at the desired reaction 
temperature (18-30°C). After equilibration the coating chamber was sealed and the coating 
reaction initiated by opening the silane vial via a remote controlled mechanism. Typically 
2.5mmol (300μl) of TCMS and a total water content of 3mmol (55% relative humidity at 
22°C) inside the reaction chamber (6.8L volume) were used for the coating of glass with an 
area of 190cm2. Under these conditions, the coating reaction was completed in about 6 hours. 
 
2.3.2. Solvent phase. The solvent phase coating was performed in a custom built reaction 
chamber made of aluminum and coated with a fluoropolymer (ECTFE Halar®) by Eposint 
(Switzerland). The fluoropolymer coating prevents moisture from adsorbing onto the inside of 
the reaction chamber and influencing the coating reaction. A Teflon lid was manufactured 
with two gas inlets and a septum. Samples were introduced into the reaction chamber in a 
Teflon holder and the chamber typically filled with 250ml of anhydrous toluene. The water 
content of the solvent was adjusted by flushing the chamber with humidified nitrogen. The 
water content was determined with a coulometric Karl-Fischer Titrator DL32 (Mettler 
Toledo). After equilibrating the chamber in a temperature control unit (Thermomix 1460, B. 
Braun), the silane was introduced into the reaction mixture through the septum with a 
microliter syringe (Hamilton). Typically 25μl of TCMS are used for the coating of glass with 
an area of 190cm2. During the coating reaction the reaction mixture was stirred with a 
magnetic stirrer (H+P Labortechnik, Switzerland). 
 
2.3.3. Annealing. Substrates that are temperature stable were typically annealed at 200°C for 
12h.  
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 2.4. Characterization 
2.4.1. Contact and sliding angle measurements. Static contact angles and sliding angles were 
evaluated using a 10μl drop of water with a Contact Angle System OCA and software 
provided by Dataphysics (Germany). A custom built tilting device was used to measure the 
sliding angle of the same droplet immediately after contact angle measurement. Sliding angles 
and not contact angle hysteresis were measured because of the difficulties we encountered in 
reliably measuring advancing and receding contact angles at such high values [23]. 
 
2.4.2. Electron microscopy. Images were recorded on a SUPRA 50VP microscope (Zeiss, 
Germany). All samples were coated with a layer of gold or platinum (<10nm). 
 
2.4.3. UV/vis spectroscopy. Optical transmittance was measured with a Lambda 900 UV/Vis 
spectrometer (Perkin Elmer). 
 
2.4.4. Stability. To evaluate the chemical stability of the coating, coated glass slides were 
immersed in aqueous pH solutions (pH 0 – pH 13), aqueous detergent solutions (pH 3.5 – pH 
12) and organic solvents (acetone, toluene, chloroform) for a total time of 6 months. Outdoor 
weathering was performed for a total time of one year. Artificial weathering tests were 
performed according to ISO 9022-9 [26] and VDI 3858 Part 12 [27]. Details on the individual 
stability tests can be found in the respective publications [24, 25]. 
 
3. RESULTS 
 
One of the most beneficial features of the silicone nanofilament coating is its ease and 
flexibility of fabrication. It can be prepared in a gas phase or solvent phase reaction under 
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normal pressure and room temperature using a short chain, trifunctional silane precursor such 
as TCMS. Cleaned and optionally activated substrates are placed in the reaction chamber and 
the desired water content is adjusted by suitable means. Contrary to most SAM-type coating 
reactions, roughly equimolar amounts of water and silane are used. By adding a few hundred 
microliters of TCMS to the reaction volume, the coating reaction is initiated. Coating times 
vary between 1 - 12 hours, depending on the reaction conditions and desired coating 
properties. Typical coatings prepared in the gas phase on glass substrates exhibit contact and 
sliding angles of roughly 160° and 20° respectively. An optional annealing step at 200°C for 
several hours improves these values to about 164° and 10°.  
The optical properties are the second virtue of the silicone nanofilament coating. Figure 1 
shows a large piece of window glass, coated in the gas phase. The coating is perfectly 
transparent, which is an obvious requirement for applications of superhydrophobic glassware 
(albeit not fulfilled by many superhydrophobic coatings). The transmission spectrum in 
Figure 1 reveals that the coating is even anti-reflective in the visible range.  
 
 
Figure 1. Left: A superhydrophobic and transparent piece of glass (150mm x 100mm x 1mm) 
coated with silicone nanofilaments and decorated with colored water drops. Middle: Electron 
microscopy image of the coating on glass (scale bar indicates 200nm). Right: Transmission 
spectrum of a glass slide coated on both sides (solid line) compared to an uncoated slide 
(dotted line). 
 
Electron microscopy reveals that the substrate is homogeneously coated with a dense layer of 
nanosized filaments. The overall thickness of the layer is typically in the range of 100-200nm, 
as could be estimated from ellipsometry measurements [23]. The individual filaments are 
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typically 20-40nm thick and several 100nm in length. The filaments are flexible as could be 
observed in scanning electron microscopy studies and confirmed by AFM measurements [23]. 
They conform to the chemical composition of poly(methylsilsesquioxane)s (CH3SiO3/2) as 
determined by XPS analysis and were shown to be compact and amorphous by transmission 
electron microscopy [23]. Their exact chemical constitution is still unknown but recently 
Rollings et al. [28] have reported the formation of similar silicone nanofilament layers from 
vinyltrichlorosilane as precursor  and have proposed a feasible model based on the general 
hydrophobic behavior of silicones where the hydrophobic groups point outwards at the 
filament surface but show no distinct order in the bulk.  
Although the reaction protocol is very simple, precise control of the reaction parameters is 
necessary for obtaining desired coating properties as well as reproducibility. The exact 
influence of the coating conditions, especially temperature as well as silane and water content, 
on the properties of the coating and nanofilament structure are currently under investigation. 
Figure 2 gives an example of the effect of coating time on surface topography, wettability and 
transparency of the coating.  
 
 
Figure 2. Left: Electron microscopy images of glass slides coated for 1 hour (top) and 14 
hours (bottom) in the solvent phase with 1.40 ± 0.06mmol water and 0.21 ± 0.03mmol 
TCMS. Right: Transmission spectra of the slide coated for 1 hour (dotted line) and 14 hours 
(dashed line) compared to the transmission spectrum of an uncoated glass slide (solid line). 
 
A coating time of one hour already produces a superhydrophobic coating which would, for 
instance, be suitable for optical applications. The sample is not only clear as glass, its 
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transmittance is several percent higher throughout the visible range than an uncoated glass 
slide. The coating is made up of a dense, homogeneous layer of relatively short filaments. 
After 14 hours of coating the filaments are much longer, increasing the layer thickness and 
surface roughness. Hence the wetting properties shift towards higher contact angles and lower 
sliding angles. The optical transmittance, however, has decreased and macroscopically the 
sample looks hazy. The higher coating thickness and increased filament density appear to lead 
to light scattering which reduces the optical transmission, especially for shorter wavelengths, 
as can be seen in the transmission spectrum. 
Upon dipping a coated glass substrate in water, the Cassie-Baxter type superhydrophobicity 
becomes immediately evident. A silvery sheen is observed on the surface indicating a gas 
layer trapped between the surface asperities [1]. On smooth substrates, this layer causes total 
reflectance of light below a certain angle and the sample becomes a perfect mirror (Figure 3, 
right). This so called plastron layer is stable over many weeks [23] and after removing the 
sample from the water it is completely dry. When rinsing a coated glass slide with water, the 
interference of light at the water/coating and coating/substrate interfaces leads to an intricate 
play of colors (Figure 3, left).  
 
 
Figure 3. Left: A jet of tap water on a superhydrophobic glass slide. Interference at the air 
layer trapped underneath the water results in an intricate play of colors. Right: A 
superhydrophobic glass slide in water after 27 days of immersion. The thin, homogeneous air 
layer leads to total reflectance of light.  
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The third salient feature of the coating is that a large variety of substrate materials can be 
coated. So far a number of siliceous materials (silicon, glass, silicone), synthetic polymers 
(poly(ethylenterephthalate), polypropylene, polyethylene), natural polymers (cotton, different 
types of wood) and metal (-oxide) surfaces (aluminum, titanium) could be coated. Figure 4 
shows electron microscopy images of the coatings on four different materials that were 
successfully coated along with corresponding images of their wetting properties. On all 
materials contact angles and sliding angles ranged above 150° and below 20°, respectively. 
On silicon as substrate material, the coating has recently been reproduced by other researchers 
and the exceptional wetting properties confirmed [29]. 
 
 
Figure 4. Electron microscopy images of the silicone nanofilament layers on various substrate 
materials, the white bar in image A indicates 200nm. A: Silicon, B: Cotton, C: Aluminum, D: 
PDMS. Images in the lower right hand corners show drops of water on the respective 
surfaces. 
 
To assess the potential of the coating for outdoor applications, they were subjected to long 
term exposure under environmental conditions and a series of artificial weathering tests 
performed in collaboration with the Swiss Federal Laboratories for Materials Testing and 
Research (Empa) [25]. For these tests, coated and annealed glass samples with contact and 
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sliding angles of 164° ± 2° and 10° ± 2° respectively were used, showing an average of 2.3% 
higher light transmission in the visible range than uncoated glass samples.  
Under artificial weathering conditions the coating was shown to be inert towards global UV 
irradiation according to ISO 9022-9 [26]. Also the superhydrophobic properties were 
maintained for 3 weeks of artificial weathering according to VDI 3858 Part 12 [27]. This so-
called Acid Dew and Fog Test (ADF-Test) is a standard test developed for the automobile 
industry simulating the impact of acid precipitation (rain and dew) on coatings in an 
accelerated aging scenario that is typically run for four weeks [30].  
In the outdoor experiments the superhydrophobic effect was maintained for at least one year. 
For this experiment two digital cameras looking to the weather side of the university building 
were installed. One camera was covered with normal glass and the other one covered with a 
glass coated with silicone nanofilaments. Figure 5 shows images taken by the two webcams 
during rain after one year of outdoor exposure. Rain adheres to the uncoated glass slide, 
blurring the image, while the coated slide still remains perfectly dry. Besides this obvious 
benefit, the superhydrophobic effect also reduced the loss of transmission due to 
contamination and water stains. The absolute gain of transmittance of the coated glass slide 
with respect to the uncoated one doubled from roughly 2.5% to 5% in the course of the one 
year of outdoor exposure. At this point the coated slide still transmits more light than a freshly 
cleaned uncoated glass slide.  
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Figure 5. Left: Webcam images taken though a coated (top) and uncoated (bottom) glass slide 
during rain after one year of outdoor exposure. The cameras were focused on the glass slides 
to better image the adhering water drops. Right: Average transmittance between 400nm and 
800nm of the coated (white bar) and uncoated (striped bar) glass slides before and after one 
year of outdoor exposure. 
 
In another series of experiments, the long term chemical durability of the coating was tested 
by immersing the coating in a number of solvents, aqueous solutions of varying pH and 
commercial detergent solutions and monitoring the change in wetting properties over a period 
of six months [24]. Figure 6 displays the duration the coating retains its superhydrophobic 
properties upon immersion in various media. It is well known that both static and dynamic 
contact angle data are necessary to characterize the wetting properties of a superhydrophobic 
surface [31]. Therefore both static contact and sliding angle data are presented. A contact 
angle of 150° was chosen as cut-off criterion which is the angle generally accepted as the 
threshold for superhydrophobicity. For the dynamic wetting properties there is no such 
general agreement. To illustrate the ability of the silicone nanofilament coating to retain a low 
sliding angle (low contact angle hysteresis) we, therefore, arbitrarily show two cut-off angles, 
25° and 45° for 10μl drops of water.  
 
 
Figure 6. Retentivity of the superhydrophobic effect upon long term immersion in various 
aqueous liquid media and solvents. Bars indicate the time the contact angle of the coating 
remains above 150° (white bar), and the sliding angle remains below 25° (solid bar) or 45° 
(striped bar). 
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The silicone nanofilament coating exhibits a good stability towards organic solvents, aqueous 
solutions of intermediate and slightly acidic pH as well as acidic surfactant solutions. With the 
exception of very high pH values, the superhydrophobic effect is maintained for several days. 
The coating degrades after several hours of exposure to strong hydrolytic media. Overall the 
results indicate an excellent stability of the nanofilament coating, reflecting the general 
chemical inertness of silicones [32]. The degradation mechanism in all cases is a hydrolysis of 
the coating surface and a consequent etching of the silicone nanofilaments. By this process 
both chemistry and surface topography of the coating change over time, altering its wetting 
properties.  
Recently several research groups have used static contact angle measurements with various 
pH solutions to assess the long term stability of superhydrophobic coatings [33-36]. The 
reasoning being that if a drop of sodium hydroxide solution does not wet the surface (i.e. 
shows a high contact angle) it will not be able to affect the coating properties in the long term. 
Our experiments clearly show that a long term stability of a superhydrophobic coating 
towards aqueous hydrolytic media cannot be asserted in this way. In the beginning all aqueous 
pH solutions exhibit a contact angle above 150° and low sliding angles on the silicone 
nanofilament surface. However, all of them degrade the coating upon immersion, at varying 
timescales. An initial resistance to wetting, therefore, does not imply long term stability. 
By slowly dipping a coated substrate in strong hydrolytic media the degradation process can 
be visualized macroscopically. Figure 7 shows two coated glass samples that were gradually 
immersed in a 2M solution of NaOH at two different immersion speeds using a linear motion 
drive (for a description of the linear motion drive see [37]). After the immersion process, the 
contact angle on the samples varies with the residence time in the solution. The corresponding 
electron microscopy images taken at various points along the surfaces confirm that an etching 
of the coating occurs. 
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 Figure 7. Top: Drops of water deposited on coated glass slides that were gradually immersed 
in a 2M solution of NaOH at 15μm s-1 (A) and 5μm s-1 (B) using a linear motion drive. 
Bottom: Electron microscopy images taken along the wettability gradient on the surfaces. 
Immersion times in the NaOH solutions and corresponding contact angles are indicated. 
 
The experiment indicates that, in principle, this technique could be used to create a full length 
wettability gradient from superhydrophobic to superhydrophilic on a single substrate which, 
to our knowledge, has been rarely achieved so far [38-40]. 
 
4. CONCLUSION 
 
Overall, the silicone nanofilament coating offers many benefits over other contemporary 
superhydrophobic coating techniques. It is easily applicable to a variety of substrates with 
minimal requirements for a pre-treatment of the surface. The coating can be applied in a gas 
or solvent phase process which allows for a coating of arbitrary surface geometries. It can be 
readily prepared under ambient conditions without the need for expensive equipment or 
chemicals or even cleanroom facilities. The coating can be fabricated to be transparent or 
even anti-reflective combined with very high contact angles and low sliding angles. It was 
shown to be inert towards organic solvents and exceptionally stable in mild aqueous pH 
solutions as well as in mildly acidic detergent solutions. Long term outdoor weathering 
experiments and accelerated aging under laboratory weathering proved the potential of the 
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coating for outdoor applications. Overall the stability is superior to most other 
superhydrophobic coatings on which similar studies have been performed and published, both 
in terms of chemical stability [34, 35, 41-46] and environmental durability [47-49]. All these 
aspects make the silicone nanofilament coating an interesting candidate for numerous 
applications, from low friction flows in microfluidics to self-cleaning and antireflective panels 
for solar cell applications. As with all superhydrophobic coatings thus far, application is 
limited to a mechanically non-abrasive environment. 
Currently we are investigating strategies to chemically modify the silicone nanofilament 
surfaces to expand their potential applications beyond superhydrophobicity. In this regard the 
coating represents a readily functionalized surface (polysiloxane) with a high surface area. 
This could be utilized to create superoleophobic or superoleophilic coatings [50] or to attach 
biological functionalities for bioreceptor and sensor applications [51]. 
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